Composite adsorbents, Ca(ALG) 2 -Cu 2 O, Ca(ALG) 2 -AgCl and Ca(ALG) 2 -Ag, were prepared using Cu 2 O, AgCl and Ag as the adsorptionactive components and calcium alginate as the matrix material. The adsorption of iodide from aqueous solutions onto these adsorbents was investigated as a function of initial solution pH, temperature and co-existing NaCl. The loading of the adsorption-active components in the composite adsorbents is much higher than that in the reported composite adsorbents. In neutral solutions, the equilibrium adsorption amount follows the order of Ca(ALG) 2 -AgCl >> Ca(ALG) 2 -Ag >> Ca(ALG) 2 -Cu 2 O. The adsorption by Ca(ALG) 2 -AgCl is insensitive to pH, while the adsorption by Ca(ALG) 2 -Cu 2 O and Ca(ALG) 2 -Ag is pH dependent. The effect of temperature on the adsorption is more pronounced for Ca(ALG) 2 -Cu 2 O than for Ca(ALG) 2 -AgCl and Ca(ALG) 2 -Ag. The co-existing NaCl does not affect the adsorption by Ca(ALG) 2 -AgCl very much; however, it suppresses the adsorption by Ca(ALG) 2 -Ag, and especially, Ca(ALG) 2 -Cu 2 O. Chemical adsorption is the main mechanism for all the three adsorbents. Ca(ALG) 2 -AgCl was found to be the best adsorbent owing to its highest adsorption capacity, suitable adsorption rate and insensitivity to solution pH, temperature and co-existing NaCl.
INTRODUCTION
In freshwater environments, iodine exists mainly as I -and IO 3 -anions depending on pH and redox conditions. In an environment with low to neutral pH and positive redox potentials, I
-is the dominant iodine species (Hoskins et al. 2002) . If oxidation treatments are applied while producing drinking water, the presence of I -may result in the formation of unwanted iodine-containing byproducts (Sánchez-Polo et al. 2007b) . To avoid the formation of these iodine-containing compounds, it is necessary to remove the iodide.
In the environment, another concern with iodine is the accumulation of harmful radioactive iodine isotopes such as 131 I and 129 I. Large quantities of such isotopes accumulate in animal thyroid glands and cause cancers (Lefèvre et al. 1999; Radlinger and Heumann 2000; Faghihian et al. 2003) . With a short half-life of 8.05 days and a specific activity, 131 I is an acute contaminant in a nuclear accident. As an important fission product from uranium-235 and plutonium-239, 129 I has been considered as a long-term contaminant due to its long half-life (1.57 × 10 7 years) (Lefèvre et al. 1999; Lefèvre et al. 2000; Radlinger and Heumann 2000; Dai et al. 2004; Brown et al. 2005) . Occurring predominantly as I -in natural environments, radioactive iodine isotopes are unlikely to form precipitates in natural waters. They are adsorbed by common minerals in *Author to whom all correspondence should be addressed. E-mail: zjw6512@hotmail.com (Z. Wu).
fewer amounts. Therefore, radioactive iodides are mobile radioactive isotopes in the environment (MacLean et al. 2004) . Thus, it is also necessary to remove the radioactive iodides.
In some natural waters, such as salt lakes, iodide is one of the useful natural resources. Its extraction is of great importance.
Adsorption is one of the effective methods to remove harmful iodide or extract useful iodide. There have been some reports about adsorption of iodide using bacteria (MacLean et al. 2004) , soils (Dai et al. 2004) , organo-clay minerals Riebea et al. 2005) , surfactantmodified zeolites (Faghihian et al. 2003) , etc. Some synthetic materials such as colloidal silver (Mulvaney et al. 1991; Zhang et al. 2008) , Ag-doped carbon aerogels (Sánchez-Polo et al. 2006; 2007a, b) , silver-impregnated activated carbon (Hoskins et al. 2002) , silver chloride-impregnated activated carbon (Karanfil et al. 2005) , calcium alginate-silver chloride composite (Zhang et al. 2011) , metallic copper and cupric compounds (Lefèvre et al. 1999) , cuprite (Lefèvre et al. 2000) , etc. have also been used to adsorb iodide.
In general, due to the adsorption competition from the co-existing chloride and other anions with a relatively high concentration, physical adsorption is usually not so effective for the removal or recovery of iodide. On the contrary, due to some specific interactions between the adsorbents and iodide, chemical adsorption is usually very effective for iodide adsorption. Although there have been some reports on the chemical adsorption of iodide, some problems still exist: (1) The reported materials for chemical adsorption of iodide, such as Cu 2 O, AgCl and Ag, are fine particles. When they are used for the adsorption, the reaction is not convenient. (2) During the preparation of composite adsorbents using Cu 2 O, AgCl or Ag as an adsorption-active agent, the loading is usually not high, and there are problems of leaching in some cases. (3) The preparation of the composite adsorbents is not so easy. Therefore, it is quite necessary to investigate a suitable method for the preparation of composite adsorbents with a high loading and high adsorption capacity, and less leaching capability.
Because of good gel-forming properties, alginates have been regarded as good biopolymer matrix materials. In biomedicine and biotechnology, they have been used to immobilize or encapsulate enzymes and living cells (Gilson and Thomas 1995) . Thus, alginates would be a suitable candidate for the granulation of fine particles and for the preparation of composite adsorbents.
In this work, three organic-inorganic composite adsorbents for iodide were prepared using Cu 2 O, AgCl and Ag as the adsorption-active agents and calcium alginate as the matrix material. The ability of the prepared adsorbents for iodide adsorption was both comparatively and comprehensively investigated. The effects of initial solution pH, temperature and co-existing NaCl were considered. The adsorption mechanisms were also studied.
EXPERIMENTAL SETUP

Preparation of the Composite Adsorbents
The powders of the three adsorption-active components, Cu 2 O, AgCl and Ag, were freshly prepared by following procedures described in the following references: Xu et al. 2003; Cai et al. 2009; Zhang et al. 2011 . In brief, during the preparation of Cu 2 O, 32 ml of 7.5 mol l -1 NaOH solution and 40 ml of 2 mol l -1 C 6 H 12 O 6 solution were successively added into 80 ml of 1 mol l During the preparation of the composite adsorbents, the obtained dry powders (5.8 g of Cu 2 O, 5.8 g of AgCl and 4.3 g of Ag) were dispersed into 50 ml of 2% sodium alginate (NaALG) solution under stirring to get uniform suspensions. These suspensions were added dropwise into 4% CaCl 2 solution so as to obtain composite gel spheres. After 48 h, the gel spheres were separated from the solutions, washed several times with distilled water and stored in distilled water away from light. These wet composite gel spheres-denoted as Ca(ALG) 2 -Cu 2 O, Ca(ALG) 2 -AgCl and Ca(ALG) 2 -Ag, respectively-were used for the adsorption experiments.
Characterization of the Composite Adsorbents
The points of zero charges (PZCs) of the composite adsorbents were determined by following the method described by Mustafa (Mustafa et al. 2002) . The water contents of the adsorbents were determined according to the changes in weight before and after the composite adsorbents were dried at 30 °C (Zeng et al. 2005) .
Cu 2 O content in the Ca(ALG) 2 -Cu 2 O adsorbent was determined by indirect iodimetry. In an iodine-measuring flask, 1.0002 g of wet Ca(ALG) 2 -Cu 2 O was mixed with 5 ml of 6 mol l -1 HCl solution, followed by dropwise addition of 30% H 2 O 2 solution, until the colour of the solution did not change to ensure that Cu 2 O was completely oxidized into Cu ), V the volume of Na 2 SO 3 solution consumed (l) and m the weight of the wet adsorbent (1.0002 g).
The amount of AgCl in the Ca(ALG) 2 -AgCl adsorbent was determined by gravimetric method. Approximately 1.0171 g of the wet adsorbent was added into 15 ml of 68.0% HNO 3 solution, followed by heating to dissolve the gel adsorbent matrix. After dissolution, the mixture was cooled to 20 °C. The AgCl precipitate was then separated, washed, dried and weighed. The amount of AgCl in the adsorbent was calculated using the following equation: (2) where η is the AgCl content in the wet adsorbent (mmol g -1 ), m 1 the weight of the wet adsorbent (1.0171 g), m 2 is the weight of AgCl and M is the molecular weight of AgCl (143.32 g mol -1 ). In order to determine the amount of Ag in the Ca(ALG) 2 -Ag adsorbent, 1.0436 g of Ca(ALG) 2 -Ag adsorbent was added to 10 ml of 1 mol l -1 Na 2 CO 3 solution. After Ca(ALG) 2 dissolution, the precipitation obtained was washed with dilute HCl solution first to remove CaCO 3 , and then with deionized water. It is finally dried and weighed. The amount of Ag in the Ca(ALG) 2 -Ag adsorbent was also calculated according to equation (2) ).
In order to obtain the X-ray diffraction (XRD) patterns of the composite adsorbents before adsorption, the adsorbents were dried at 30 °C and grinded to powders. The XRD patterns were collected on an X'Pert PRO (PANalytical) diffractometer using Cu K α radiation (λ = 0.15419 nm) over a 2θ range from 5°to 80°. The X-ray powder diffraction patterns of the adsorbents after adsorption were also collected for comparison.
Adsorption Experiments
The batch adsorption experiments were performed by mixing 0.5 g of wet adsorbents and 100 ml of KI solutions in a water bath (SHA-C; Changzhou Guohua Co., Ltd., China) with a shaking speed of 100 rpm at the desired initial I -concentration, pH, temperature and co-existing NaCl concentration. Dilute HCl and NaOH solutions were used to adjust the solution pH.
Iodide concentrations in aqueous solutions were analyzed by monitoring the absorbance of iodide at 226 nm using an ultraviolet-visible spectrophotometer (TU-1810; Beijing Purkinje General Instrument Co., Ltd., China) and the adsorption amount of iodide onto the adsorbents was calculated using the following equation: (3) where q (mmol g -1 ) is the adsorption amount of iodide onto the adsorbent, V (l) is the volume of the solution, W is the wet weight of the adsorbent and C 0 and C (mmol l -1 ) are the iodide concentrations in the solutions before and after adsorption, respectively.
RESULTS AND DISCUSSION
Preparation and Characterization of the Adsorbents
The physical characters of the adsorbents are listed in Table 1 . The water contents of the Ca(ALG) 2 -Cu 2 O, Ca(ALG) 2 -AgCl and Ca(ALG) 2 -Ag composite adsorbents were found to be 85%, 83% and 80%, respectively, which were all less than that of pure calcium alginate gel spheres prepared in the same way (96%), due to the effective entrapment of the adsorption-active components. The PZCs of the adsorbents were detected to be 7.7, 7.2 and 7.1 (Figure 1 ). The Ca(ALG) 2 -Cu 2 O adsorbent has the highest PZC of 7.7. This is probably because of the fact that Cu 2 O was prepared in an alkaline medium and Cu 2 O can associate with OH -ions (Lefèvre et al. 2000) . In general, for chemical adsorption using composite adsorbents, the adsorption capacity is mainly dependent on the amount of adsorption-active components entrapped in the composite adsorbents. Therefore, the maximization of the adsorption-active component loading in the composite adsorbents can ensure a high adsorption capacity. However, during the preparation of the composite adsorbents, if too much adsorption-active component was used, it will be difficult to obtain the composite gel spheres. The adsorption-active component contents listed in Table 1 are the suitable component contents to ensure both a relatively high adsorption capacity and a good mechanical strength of the composite adsorbents. In this study, the loading of 0.96 mmol g -1 AgCl and 1.51 mmol g -1 Ag was achieved, which was much higher than that in the reported silver or silver chloride-impregnated activated carbon (around 0.097 mmol g -1 ) studies (Hoskins et al. 2002; Karanfil et al. 2005) . It is difficult to compare the adsorption capacities of Ca(ALG) 2 -Cu 2 O adsorbent with other materials owing to the lack of the composite Cu 2 O adsorbent studies. Because the experiments were carried out under similar dynamic conditions, the external and internal diffusion of I -into the composite adsorbents may not cause big differences in the adsorption kinetics. Real adsorption step may be mainly responsible for the differences in adsorption kinetics. The step may also be mainly responsible for the differences among the equilibrium adsorption amounts. In neutral solutions, I
Comparison of General Adsorption Capacities
-is chemically adsorbed onto Ca(ALG) 2 -AgCl and Ca(ALG) 2 -Ag with the formation of AgI (Hoskins et al. 2002; Karanfil et al. 2005; Zhang et al. 2011) . While I -is mainly adsorbed onto Ca(ALG) 2 -Cu 2 O by substituting the surface hydroxyl groups of Cu 2 O (Lefèvre et al. 2000) . 
Effect of Initial Solution pH on the Adsorption Capacity
The effect of initial solution pH on the adsorption capacity is shown in Figure 3 
At higher pH values, Cu 2 O is likely to be oxidized into Cu(OH) 2 or CuO, which does not have specific interactions with I - (Lefèvre et al. 1999; Lefèvre et al. 2000) . Equation (4) is a specific mechanism for iodide adsorption, and the co-existing H + ions can promote the reaction, resulting in the increase in adsorption capacity and a decrease in solution pH. At intermediate pH values, equations (4) and (5) may be responsible for adsorption. However, equation (5) is not a specific reaction, and any co-existing anions, such as OH -, Cl -anions can compete with I -anions for adsorption. At higher pH values, equation (5) is the main adsorption mechanism, while equation (4) may not take place. In this case, OH -anions with a higher concentration are more competitive for adsorption, resulting in the very low I -adsorption amount. During the adsorption of iodide onto the Gram-positive soil bacterium Bacillus subtilis, adsorption was also found to increase with decreasing pH (MacLean et al. 2004) .
At low pH values, during adsorption, when most of the protons, which were initially present in solutions, are consumed after equation (4), the solution pH values will increase, and the reverse reaction of (4) may take place, thus leading to the decrease in adsorption capacity with adsorption time.
For the adsorption by Ca(ALG) 2 -AgCl, Cl , respectively. HCl or NaOH solution was added to adjust the solution pH. However, no NaCl was added. The adsorption temperature was 25°C.
Because of the nature of the above transformation reaction, solution pH does not affect the reaction obviously. Therefore, the iodide adsorption by Ca(ALG) 2 -AgCl is insensitive to solution pH. The adsorption of iodide by Ca(ALG) 2 -Ag is also mainly due to the formation of AgI (Mulvaney et al. 1991; Hoskins et al. 2002; Sánchez-Polo et al. 2007a; Zhang et al. 2008) .
Solution pH also affects the leaching of the adsorption-active components from the composite adsorbents. In neutral and basic solutions, Cu 2 O, AgCl and Ag are unlikely to leach from the composite adsorbents. In acidic solutions, AgCl is also stable in composite adsorbents (Karanfil et al. 2005) ; however, Cu 2 O and Ag may not be so stable in composite adsorbents, especially when no enough I -is present in the solutions (Lefèvre et al. 2000; Hoskins et al. 2002; Karanfil et al. 2005) . This study shows that Ca(ALG) 2 -AgCl is the best adsorbent among the three composite adsorbents, due to its high adsorption amount, suitable adsorption rate and less leaching capability.
Effect of Temperature on the Adsorption Capacity
The effect of temperature on the adsorption capacity is shown in Figure 4 . For the adsorption of iodide using Ca(ALG) 2 -Cu 2 O, both the adsorption rate and the equilibrium amount increase with an increase in temperature. When the adsorption temperature is increased from 25 to 55 °C, the equilibrium adsorption amount increases from 0.00048 to 0.00135 mmol g -1
, which indicates that high temperature presents a favourable environment for adsorption. For the adsorption of iodide using Ca(ALG) 2 -AgCl, the adsorption rate increases only slightly with the increase in temperature, with the equilibrium adsorption amount being nearly the same. However, for the adsorption of iodide using Ca(ALG) 2 -Ag, the situation is complicated. During the adsorption of iodide onto organo-clay minerals, high temperatures reduce iodide adsorption only to a certain extent, but it is more pronounced for DPyDD-clay minerals (Riebea et al. 2005) , probably due to the conformational changes of the alkyl chains. Dehydration reactions occurring at distinct temperatures for the organo-vermiculites may be another reason .
Effect of Co-existing NaCl on the Adsorption Capacity
In natural environments (e.g., brine, seawater) in addition to iodide ions, usually there are high concentrations of other anions as well, especially Cl -anions. Therefore, the effect of co-existing NaCl on the adsorption capacity was investigated. The results are shown in Figure 5 . When the concentration of the co-existing NaCl is higher than 0.01 mol l -1 , Ca(ALG) 2 -Cu 2 O does not adsorb any iodide ions, probably due to the anion exchange competition of Cl -with I -[equation (5)]. Even when Cu 2 O was used to adsorb I -, the uptake was found to be lower in synthetic groundwater with a high chloride concentration than that in distilled water (Lefèvre et al. 2000) .
For adsorption methods using Ca(ALG) 2 -AgCl adsorbent, the influence of the co-existing NaCl on the adsorption is limited. When the concentration of NaCl increases from 0.00 to 0.05 mol l -1 , the iodide equilibrium adsorption amount is almost the same, except for some differences in the adsorption rate at the initial adsorption stage. For iodide uptake by surfactant-modified zeolites, the effect of Cl -anions on the equilibrium adsorption amount was also found to be negligible (Faghihian et al. 2003) .
When Ca(ALG) 2 -Ag is used for adsorption, the co-existing NaCl suppresses the adsorption in general. For the adsorption of I -using Ag-doped carbon aerogels, the presence of chloride was also found to reduce the adsorption (Sánchez-Polo et al. 2006; 2007a) . The results show that Ca(ALG) 2 -AgCl adsorbent is more suitable for adsorption of iodide in solutions with co-existing NaCl.
ADSORPTION MECHANISMS
The XRD patterns of the adsorbents before and after adsorption are shown in Figure 6 . For adsorption reactions using Ca(ALG) 2 -Cu 2 O as the adsorbent, the XRD patterns show the presence of CuI, which confirms the mechanism shown in equation (4) . However, the diffraction peaks of CuI are very weak, while the sharp diffraction peaks of Cu 2 O still exist, indicating that only a very small amount of Cu 2 O changes into CuI.
For Ca(ALG) 2 -AgCl adsorbent, the diffraction peaks of AgCl disappears and sharp diffraction peaks of AgI are observed after adsorption, demonstrating that all AgCl is completely converted into AgI according to the reaction shown in equation (6).
For Ca(ALG) 2 -Ag adsorbent, the situation is similar to that observed using Ca(ALG) 2 -Cu 2 O adsorbent. After adsorption, very weak diffraction peaks of AgI appear, while the strong diffraction peaks of Ag still exist, demonstrating that only a very small amount of Ag reacts with I -.
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H. Zhang et al./Adsorption Science & Technology Vol. 30 No. 5 2012 The interactions between Ag particle surfaces and the nucleophilic I -anions lead to excess negative charges in Ag particles, which are reactive towards oxygen. The oxygen can pick up the excess negative charges on the Ag particles, leading to the up-shift of the Fermi potential, and further association with I -will be allowed until the whole Ag particles are oxidized (Mulvaney et al. 1991; Zhang et al. 2008) .
The XRD patterns also demonstrate that Ca(ALG) 2 -AgCl would be a more effective adsorbent. The photographs of the adsorbent spheres before and after adsorption are shown in Figure 7 . The changes in the colours of the adsorbents confirm the iodide uptake.
CONCLUSIONS
Three composite adsorbents, Ca(ALG) 2 -Cu 2 O, Ca(ALG) 2 -AgCl and Ca(ALG) 2 -Ag, were prepared and characterized. Batch adsorption experiments were explored to comparatively study the uptake of I -ions from solutions using these adsorbents. The effects of initial solution pH, adsorption temperature and co-existing NaCl were examined. The main results of our study can be summarized as follows:
(1) The loading of the adsorption-active components in the Ca(ALG) 2 -Cu 2 O, Ca(ALG) 2 -AgCl and Ca(ALG) 2 -Ag composite adsorbents is 0.81, 0.96 and 1.51 mmol · g -1
, respectively, which is much higher than that in the reported composite adsorbents. 
